Intracellular pH (pHi) and the mechanisms of pHi regulation in cultured rat cortical neurons were stud ied with microspectrofluorometry and the pH-sensitive fluorophore 2',7' -bis( carboxyethyl)-5 ,6-carboxyfluore scein. Steady-state pHi was 7.00 ± 0.17 (mean ± SD) and 7.09 ± 0.14 in nominally HC03 --free and HC03containing solutions, respectively, and was dependent on extracellular Na + and Cl -. Following an acid transient, induced by an NH] prepulse or an increase in CO2 ten sion, pHi decreased and then rapidly returned to baseline, with an average net acid extrusion rate of 2.6 and 2.8 mmollLlmin, in nominally HC03 --free and HC03 -containing solutions, respectively. The recovery was completely blocked by removal of extracellular Na + and was partially inhibited by amiloride or 5-N-methyl-N-iso butylamiloride. In most cells pHi recovery was com-
Changes in intra-and extracellular pH (pHi and pHe' respectively) have been studied for decades in a variety of tissues, including the brain. The reason for this is that pH regulates such diverse functions as pulmonary ventilation and cerebral blood flow as well as enzymatic function, protein synthesis, and cell growth (e.g., (Busa and Nucitelli, 1984) . In ad dition, acidosis is known to be a mediator of cell death in a variety of cells, including brain tissues (Siesjo, 1985 (Siesjo, , 1988 Nedergaard et ai., 1991) . More recently, it has been shown that fluxes of H + and HC03 -between intra-and extracellular fluids oc cur during neuronal activity, suggesting that pH pletely blocked in the presence of harmaline. The recov ery of pHi was not influenced by addition of 4,4' -diiso thiocyanatostilbene-2 ,2' -disulfonic acid (DIDS) or removal of Cl-. The rapid regulation of pHi seen follow ing a transient alkalinization was not inhibited by amiloride or by removal of extracellular Na +, but was partially inhibited by DIDS and by removal of extracel lular Cl -. The results are compatible with the presence of at least two different pHi-regulating mechanisms: an acid extruding Na + IH + antiporter, possibly consisting of dif ferent subtypes, and a passive Cl-IHC03 -exchanger, mediating loss of HC03 -from the cell. Key Words: 2',7' Bis (carboxyethyl)-5 ,6-carboxyfluorescein-Extracell ular pH-Intracellular pH-Microspectrofluorometry Neurons.
transients serve a modulatory role in brain function (Chesler, 1990; Chesler and Kaila, 1992) .
With the advent of new techniques applicable to single cells, some of the mechanisms that regulate pHj have been clarified. All cells hitherto examined have been shown to possess pHj-regulating mecha nisms (Roos and Boron, 1981; Thomas, 1984; Dei tmer and Schlue, 1987; Prelin et aI., 1988; Chesler 1990) . The predominant mechanism regulating acid transients in invertebrate cells seems to be an Na +dependent HC03 -ICI-exchanger (Boron and DeWeer, 1976; Thomas, 1977; Boron, 1983) . A pas sive HC03 -ICl-exchanger catalyzing loss of HC03 -from cells, originally described in erythro cytes, has also been identified in several cell types (Cabantchik et aI., 1978; Olsnes et aI., 1986; Boy arsky et aI., 1988a; Prelin et aI., 1988) . This ex changer would adjust pHj during alkaline transients or could serve to accumulate Cl-in cells. In most vertebrate cells studied, pHj regulation during acid transients is achieved by an amiloride-sensitive N a + IH + anti porter , often working in conjunction with Na + -dependent or Na + -independent HC03 -1 Cl-exchangers (Mahnensmith and Aronsson, 1985; Boyarsky et aI., 1988b; Frelin et aI., 1988; Grinstein et aI., 1989) . Recent studies have identified addi tional mechanisms that influence pHi' e.g., an elec trogenic N a + IHC03 -symporter, which carries HC03 -inward at the expense of the Na + gradient (Boron and Boulpaep, 1983; Deitmer and Schlue, 1987;  for reviews see Madshus, 1988; Chesler and Kaila, 1992) .
Some of the original studies in this field were done on invertebrate neurons (Boron and DeWeer, 1976; Thomas, 1976) . Although different type of neurons have been the subject of subsequent stud ies (Chesler, 1990) , there have been comparatively few reports of pH regulation in vertebrate neurons. Some authors have concluded that an Na + IH+ ex changer is solely responsible for acid extrusion in vertebrate neurons (Nachsen and Drapeau, 1988; Gaillard and Dupont, 1990) , while others have found evidence for additional HC03 --dependent acid extrusion mechanisms (Chesler, 1986; Pocock and Richards, 1989; Raley-Susman et aI., 1991) . There are no previous studies of pH regulation in vertebrate neurons following alkaline transients or concerning the effect of pHe on pHi-regulating mechanisms.
In the present work, a microspectrofluorometric technique was used to characterize pH-regulating mechanisms in single, cultured rat cortical neurons. The major objective of the study was to compare the pHi regulation in neurons and glia, and we there fore followed the same protocol as was previously used to study primary cultures of rat astrocytes (Mellergard and Siesj6, 1991; Mellergard et aI., 1992 Mellergard et aI., , 1993 . Our data indicate that the mechanisms regulating acid transients are less efficient in neu rons than in astrocytes and suggest that in rat cor tical neurons pHi is regulated by an N a + IH + an tiporter and a passive HC03 -ICl-antiporter, op erating during acidic and alkaline transients, respectively. There was no evidence for the pres ence of an Na + -coupled HC03 -ICl-exchanger.
METHODS

Chemicals and solutions
Reagents of analytical grade and deionized water were used. Amiloride, 4,4'-diisothiocyanatostilbene-2,2'-disul fonic acid (DIDS) harmaline, and nigericin were pur chased from Sigma Chemical Co. (St. Louis, MO, U.S.A.), and 5-N-methyl-N-isobutylamiloride (MIA) from Research Biochemicals (Natick, MA, U.S.A.). The acetoxymethyl ester of 2' ,7' -bis(carboxyethyl)-5,6-carbo xyfluorescein (BCECF) was obtained from Molecular Probes (Eugene, OR, U.S.A.). Amiloride, harmaline, DIDS, and MIA were dissolved in dimethyl sulfonic ox-J Cereb Blood Flow Metab, Vol. 13, No.5, 1993 ide (DMSO), the final concentration of DMSO always being < 1 %. Control experiments were performed, show ing that a doubling of the highest final concentration of DMSO ever used in the experiments had no effect on the fluorescence or pHj• We did not detect any interference of DIDS with the fluorescence signal of intracellular BCECF (see Boyarsky et a1., 1988a) . However, harma line seriously interfered with the fluorescence (see be low).
The basic bicarbonate buffer used had the following composition (mM): 140 Na +, 123 Cl-, 5 K +, 1 Ca 2 +, 1 Mg 2 + ,5 glucose, and 20 HC03 -, equilibrated with =5% CO2 (38 ± 2 mm Hg) and 95% air. The buffer used to acidify the cell had the same composition, except that it contained 93 mM CI-and 50 mM HC03 -and was equil ibrated with =15% CO2 (96 ± 2 mm Hg). When nothing else is stated, the pH of the solutions was 7.35 ± 0.02. Whenever required, the pH of these two basic buffers was varied by varying the HC03 -content. For every millimole HC03 -added, an equal amount of Cl-was removed, and vice versa. Sodium-free solutions were made by replacing Na + with choline. In the chloride-free solutions, all CI-salts were replaced with gluconate salts. In some experiments, a nominally bicarbonate-free, N-2-hydroxylthylpiperazine-N'-2-ethane sulfonic acid (HEPES)-buffered solution was used, similar in compo sition to the 5% CO2 buffer described above except that it contained 20 mM HEPES instead of HC03 -. The HEPES solution was titrated with NaOH to pH 7.35; the Na + content of the HEPES-buffered solution was thus somewhat higher (�150 mM) than in the bicarbonate buff ers. pH was measured on an ABL 30 Acid-Base Analyzer (Radiometer, Copenhagen, Denmark) .
Cell cultures
Neuronal cell cultures were prepared according to Hansson and Ronnback (1989) , with some minor modifi cations. Pregnant Sprague-Dawley rats were decapitated on day 14-15 of gestation and the embryos were rapidly taken out and aseptically prepared. The skulls of the em bryonic rats were opened, and the brain was removed and freed from meninges; hereafter the cortex was dissected, mechanically disrupted, and passed into tissue culture medium through a sterile nylon sieve with a pore size of 80 ILm. The culture medium was made from Dulbecco's Modified Eagle Medium, supplemented with 10% horse serum, 2 mM L-glutamine, 120 IU/ml insulin, and 500 IU/ml penicillin. The cells were washed and centrifuged two times, and the cell suspension (= 10 6 cells/ml) was then seeded out on coverslips in petri dishes. The cover slips were precoated with L-lysine 24 h before use. Cul tures were maintained in an incubator in 5% CO2 at 37°C and 95% humidity. Medium was exchanged for the first time after 72 h and subsequently every 48 h. Cultures were regularly stained for neuron-specific enolase. As judged by phase-contrast microscopy, neurons were also easy to identify morphologically (see Fig. 1 ).
Experimental setup
Experiments were performed when cells had been in culture for 7-12 days. Culture-bearing coverslips were mounted in a closed 100-1L1 perfusion chamber, continu ously perfused with temperature-controlled buffer at a rate of 125 ILl/min. The chamber was placed on a Nikon inverted microscope (Nikon Diaphot TMD; Nikon, Gar den City, NY, U.S.A.) equipped with a CF Fluor 100x The pHj measurements were made as previously de scribed (Rink et al., 1982;  for details see Mellergard et al., 1992) . In brief, after being mounted in the perfusion chamber, cells were loaded with continuous perfusion of 2 fLM BCECF (acetoxymethyl ester) for 25-30 min at 37°C. Another 15-20 min were allowed to pass before any experiments were started. The fluorescence at 520 nm from single cells excited with alternating dual monochro mator excitation at 490 and 440 nm was monitored with an SPEX CM system microspectroflurometer (model CMITllE; SPEX Industries, Edison, NJ, U.S.A.), con nected to an IBM PC/AT computer (model PS/2; IBM, U.S.A.). In this system, an adjustable aperture is placed between the objective and the photometer, allowing the investigator to decide the size of the collecting field. We always focused upon the cell body of the neuron. Al though the neurons generally grew on a layer of glia cells, the contamination of signal from glia was low: As ob served by others, the uptake of dye was much lower in glia than in neurons (Connor et al., 1987; Nedergaard et al., 199 1) . Glial cells were thin and well spread. We also attempted to measure neurons situated in areas free from underlying glia. Measurements were made every 0.3 s and were integrated over 2 s. Calibrations were made at the end of every experiment by exposing the cells to 10 fLM nigericin in the presence of 130 mM K + , at pH 6.40, 6.90, and 7.30. Linear regression analysis then allowed trans formation of fluorescence intensity ratio into pH (Thomas et al., 1979) , r always being >0.99. Figure 2 shows a typical example when a neuron was exposed to different pHe values in the presence of nigericin and the corre sponding relationship between signal ratio and pHj. 
Data analysis
Expanded records were traced on graph paper, and rate of pHi changes (.:lpH/.:lt) were determined from the best fitting slope of the initial maximal pHi recovery following an acid or alkaline load. We also measured the tso, de fined as the time between maximal acidification (or alka linization) and the time when the cell had recovered to 50%. This point was defined as (preload pHi) -(0.5 * .:lpHi), where preload pHi is the pHi immediately before exposure to an acid or alkaline load and .:lpHi is the change in pHi induced by this load.
The net H + fluxes (J H +) were calculated as the product of the total buffering capacity (I3t) and the rate of pHi change (see Roos and Boron, 1981) . f3t is the sum of the intrinsic buffer capacity (l3i) and the buffering power of intracellular C02/HC03 -(l3co). I3co was calculated from the equation I3co = 2.3[ltC03 -1: (e.g., Roos and Boron, 1981) . [HC03 -\ is the intracellular bicarbonate calculated from the formula [HC03 -t = s * Pco2 * lO(p H , -pKJ, where S is the solubility constant for CO2 (0.0314) and pKa is the dissociation constant for CO2 (6. 12) (Siesjo, 1972) . The intrinsic buffer capacities of cul tured astrocytes and neurons were investigated in a sep arate study (Katsura et aI., 1993) . This study showed l3i to be virtually constant in the pHi interval 6.0-7.0. How ever, different methods yielded different absolute values for l3i' When calculated from the acidification following exposure to a weak acid (propionic acid) in the presence J Cereb Blood Flow Metab, Vol. 13, No. 5, 1993 8 9 10
FIG. 2. Diagram illustrates the relationship between the fluo rescence intensity ratio and pH, in a typical neuron, as evaluated by calibration by the nigericin method. Inset: Signal from a neuron exposed to different pHe in the presence of 10 fLM nigeri cin and 130 mM K +. In most ex periments, only three-point cal ibrations were used. pH = 5.46 + (0.24 x ration); r2 = 0.997.
of amiloride and 20 mM Na + , l3i was -20 mM/pH unit. This value for l3i was used in the present study. Statistical comparisons were performed with analysis of variance and post hoc Scheffe test. The level of signif icance was set a p < 0.05. All values are presented as means ± SD.
RESULTS
Steady-state pHi: influence of external factors and inhibitors
The steady-state or "baseline" pHi was defined as the pHi measured 30 min after termination of the BCECF loading, i.e., before any experimental vari ations were induced. In nominally bicarbonate-free HEPES buffer, the baseline pHi was 7.00 ± 0.17. When 2 mM amiloride, an inhibitor of the Na + IH+ exchanger, was added to the perfusing HEPES buffer, baseline pHi decreased an average of 0.24 unit (see Table 1 ).
In the buffer containing 5% C02/20 mM HC03 -, the baseline pHi was 7.09 ± 0.14, significantly higher than the baseline pHi observed in the nomi nally bicarbonate-free solution at identical pHe (see Table 1 ). In this C02/HC03 --containing solution, the introduction of amiloride had only a minimal effect on baseline pH (Table 1) . Similarly, the ad dition of DIDS, an inhibitor of HCO) -/Cl-ex change (and Na + -HCO) -cotransport), had little or no effect on baseline pHj; neither did a combination of DIDS and amiloride cause any significant change in the steady-state pHj ( Table 1) .
Changes of the extracellular ion content had a pronounced effect on baseline pHj (see Table 1 ; Fig.  3 ). Thus, when Na + was removed from the perfus ing 5% CO2 buffer, pHj started to fall, and after 15-20 min pHj had decreased by �0.6 pH unit ( Fig.  3a ; Table O . When Na + was reintroduced, pHj im mediately started to increase and rapidly reached baseline level. When Na + was removed from a nominally bicarbonate-free HEPES buffer, a similar fall in pHj was observed. This decrease in pHj fol lowing removal of Na + from the HEPES buffer was not mediated via a reversal of the activity of the N a + /H + anti porter , since it was not influenced by the presence of 2 mM amiloride ( Table 1) .
When Cl-was acutely removed from the perfus ing 5% CO2 buffer, there was an increase in pHj to a new steady-state level, �0.1 unit higher than the initial resting level (Fig. 3b ). When Cl-was again added, pHj returned to baseline level.
Some experiments were started in an HC03 -free, HEPES-buffered solution, followed by the in troduction of COzlHCO) -, at an unchanged pHe ( Fig. 4 ). An initial acidification, due to the influx of CO2, was followed by recovery of pHj to a new and higher steady-state level (Fig. 4a ). This increase in baseline pHj following introduction of CO2/HCO)was not inhibited in the presence of amiloride or in the absence of extracellular chloride (see Table 1 ).
In the absence of extracellular Cl-, the alkaliniza tion following introduction of CO2/HCO) -was ac tually higher (0.16 unit) (see Table 1 ). However, when CO2/HCO) -was introduced in the presence of DIDS, no increase in steady-state pHj was ob served (Fig. 4b ). As discussed below, these results are compatible with the presence of an Na + / HC03 -symporter, but there may also be alterna tive explanations.
Acid transients
The classic way to study pH-regulating mecha nisms is via the recovery of pHi following a sudden intracellular acidification. The neurons were there fore exposed to an acid load, either by the so-called NH4 prepulse technique (Boron and DeWeer, 1976;  for details see Mellergard et al., 1992) or by expo sure to a sudden increase in Peo2• The results are presented in Table 2 and Fig. 5 .
When cells were exposed to 15 mM NH4Cl (at pHe = 7.35), a very rapid alkalinization was ob served, probably due to the entry of NH3 and its association with intracellular H+ (Fig. 5a ). The av erage change in pHi was 0.46 unit (see Table 2 ). This alkalinization was followed by a gradual decrease in pHi' probably due to the influx of the protonated base (NH4 +). A steady-state level, usually very close to the initial resting pHi' was reached after 9-10 min. When the NH4Cl was removed from the perfusing buffer, the pHi immediately fell, probably due to a rapid efflux of NH3, leaving the H+ of the accumulated NH4 + behind. The change in pHi (LlpHi) associated with the acid peak averaged 0.42 pH unit. Following this acid peak, the pHi in all cells rapidly started to increase, at an initial maxi mal rate of 0.15 pH unit/min. Given an intrinsic buffer capacity of 20 mmollpH unit, this corre sponds to a net acid extrusion rate (Jw) of 3.0 mmol/Llmin. To compare the pHi recovery follow ing the two different methods of acidification, we also calculated the pHi recovery rate at �6.8, i.e., the pHi reached when cells were exposed to an in creased Peo2 (see below). As expected from the dependence of JH on pHi' the rate of recovery was lower at this pHi--': O.13 unit/min, corresponding to a JH+ of 2.6 mmollLlmin.
Other cells were acidified by a sudden increase of the CO2 concentration of the perfusing buffer, from 5 to 15%, at constant pHe' The exposure to an in creased CO2 tension was followed by a rapid fall in pHi' LlpHi averaging 0.25 unit (Table 2 ; Fig. 5b ). The cells immediately started to regulate pHi back toward the initial resting level, not quite reaching it during the 15-min observation period but recovering to a new steady-state pHi' 0.05 unit lower than the control value. The initial rate of recovery was only 0.05 ± 0.002 unit/min. However, when the net acid extrusion rate was calculated, taking into account the higher intracellular buffering power in an HC03 --containing medium, it was 2.8 mmollLl min, i.e., very close to the value observed when cells were acidified with NH4 prepulse in HEPES buffer (see above).
When we evaluated the results by measuring the time required for the cells to regulate 50% of the induced intracellular acidification, i.e., the t50 value rather than the slope of pHi recovery, we obtained similar results ( Table 2 ). The observation that the pHi recovery is not enhanced in the presence of CO2/HC03 suggests that rat cortical neurons do not utilize bicarbonate-dependent transport mecha nisms for regulating their pHi following acidifica tion. Exposure to 15 mM NH4Clied to an alkalinization of �0.46 pH unit, followed by an acidification of 0.42 pH unit when NH4CI was removed. b: When neurons maintained in a solution with 5% C02/20 mM HC03 -were suddenly exposed to an in creased Pco2 (1 5% C02/50 mM HC03 -) , pH; transiently fell by �0.25 unit. When the first solution was reintroduced a transient alkalinization averaging 0.22 unit was observed. For abbreviations see the text.
Effect of extracellular Na+ or Cl-and different inhibitors on pHi recovery Figure 6 illustrates neuronal pHi recovery in dif ferent situations, Fig. 6a first showing the normal regulation of pHi following a CO2-induced acid load. When cells were acidified in the presence of amiloride (1 mM), the recovery of pHi was inhibited compared with controls, JH+ being 1.7 mmol/Llmin ( Table 2 ; Fig. 6b) . A similar inhibiting effect on pHi recovery was observed in the presence of the amiloride analogue MIA (Taylor et aI., 1989) , JH+ being 1.3 and 1.5 mmol/Llmin in two experiments. Thus, these inhibitors of the N a + /H + antiporter significantly inhibited the recovery of pHi following an acid transient. The inhibition of pHi recovery was only partial, however, in contrast to the total block observed upon removal of extracellular Na + (see below).
In other experiments, the neurons were acidified in CI--free solution, the latter being introduced 15-20 min before the acidification to allow time to de plete cells of their intracellular CI-. The CI-deple tion had no effect on recovery of pHi from an acid load ( Table 2 ; Fig. 6c ), JH+ being 2.4 mmol/Llmin, a nonsignificant decrease compared with control. These results suggest that rat cortical neurons pos sess acid extrusion mechanisms that are dependent on extracellular Na +, but not on HC03 -or CI-.
As illustrated in Fig. 6d , the presence of DIDS (0.5 mM) did not have any significant effect on re covery of pHi following CO2-induced acidification.
In the presence of both amiloride and DIDS, the initial acid extrusion rate following an acid load was 1.9 mmol/Llmin, i.e., similar to the Jw observed in the presence of amiloride alone ( Table 2) . Amiloride, or a combination of amiloride and DIDS, significantly increased t50, while DIDS alone or removal of extracellular chloride did not signifi cantly alter t50 compared with controls.
Removal of extracellular Na + had a dramatic ef fect on the ability of the cells to recover from this acidification. Thus, when Na + was absent from the perfusing buffer during acidification, no recovery was observed (Fig. 6e ). Rather, following the initial acid peak, there was a continuous decrease in pHi p H i 15%C021 15% C02 until N a + was reintroduced in the perfusing buffer, when pHj again rose to baseline level.
Effect of harmaline on pHj regulation
Working with rat hippocampal neurons, Raley Susman et al. (1991) recently described a distinct variant of the N a + /H + antiporter that was not in hibited by amiloride or amiloride analogues but by harmaline, a l3-carboline compound previously shown to inhibit the N a + /H + anti porter in renal microvillous membrane vesicles (Aronson and Bounds, 1980) . Unfortunately, harmaline interferes with the flu orescence emitted from the excited cells. Thus, fol lowing introduction of harmaline, the background signal of the pH-independent signal (440 nm) in creased five to eight times, sometimes leading to a doubling of the recorded 440-nm signal from BCECF-Ioaded cells. Harmalin also caused a de crease in the 490-nm signal that was independent of changes in pHj. These interferences were compen sated for by subtracting the background and by per forming the calibration in the presence of harma line, but the disturbances made it impossible to study events immediately following introduction of harmaline, e.g., the direct effect of harmaline on steady-state pHj. However, 30 min after the intro duction of 0.3 mM harmaline, the steady-state pHj was 6.66 ± 0.02 (p � 0.001 vs. control) and 6.83 ± 0.17 (NS) in bicarbonate-containing and nomi nally bicarbonate-free solution, respectively, indi cating that harmaline lowers the normal steady state pHj.
When cells maintained in CO2/HC03 --containing solution were acidified by a rise in CO2 tension (as described above) in the presence of 0.3 mM harma line, the pHj recovery was completely blocked (Fig.  7a ). When acidified with the NH4 prepulse method in the nominal absence of bicarbonate, two different responses were seen: In half of the cells (four of eight), pHj did not recover at all (Fig. 7b ). In the other half of the cells, the regulation of pHj was only partially blocked (Fig. 7c) , the rate of recovery be ing 0.065 ± 0.028 unit/min, corresponding to a Jw of 1.30 ± 0.56 mmol/L/min Cells maintained in nominal bicarbonate solution were acidified with the NH4 prepulse method in the presence of harmaline and were then exposed to the 5% CO2 solution (harmaline still present) 20--30 min after the acidification (i.e., removal of NH4Cl). As shown in Fig. 7b -c, the introduction of C02/HC03led to an additional acidification, but with no in creased rate of pHj recovery compared with what was observed in bicarbonate-free solution. Thus, the cells that were completely blocked by harmaline in nominally bicarbonate-free solution did not reg ulate their pHj in the presence of CO2/HC03 -. In terestingly, in the partially blocked cells, the inhib iting effect of harmaline on pHj recovery was much more pronounced following introduction of CO2/ HC03 - (Fig. 7c) .
Effect of extracellular pH on pHj regulation and baseline pHj
If pHe was lowered simultaneously with the CO2induced acid transient, the recovery of pHj was at tenuated or abolished. Thus, when pHe was below 6.9, the recovery was completely blocked; and if pHe was maintained at a low enough level, the re- (a), and at pHe 6.6 there was a continuous fall in pH; following the initial acidification induced by exposure to an increase in Pco2 (b). co very of pHi following an acid transient was not only barred, but there was a further, substantial de crease in pHi' following the initial acid peak. Ex amples of this are seen in Fig. 8 . In all these exper iments, a change back to physiological pHe (=7.35) was immediately followed by a rapid recovery of pHi to the initial steady-state level.
We also examined the effect of a lowered pHe on the steady-state pHi' without intentionally acidify ing the cells. When pHe was lowered in steps of -0.3 unit, there was a parallel fall in pHi' Likewise, a 7.5 7.0 6.5 10 min p Hi if pHe was increased, pHi also increased. All cells examined behaved similarly, a typical example be ing shown in Fig. 9a . In Fig. 9b , the baseline pHi has been plotted against pHe. The regression line is de scribed by the equation pHi = 1. 28 + 0.78 * pHe (r = 0.92).
Intracellular alkalinization and effect of amiloride, DIDS, and removal of Na+ or Cl-In another set of experiments, the pHi regulation of neurons following an alkaline transient was stud ied. The results are presented in Table 3 and Fig.  10 . Cells were first acidified by an increased CO2 tension (15%), as described above, and were there after allowed 15-20 min to regulate pHi and reach a steady-state, baseline pHi' When the 5% CO2 buffer was then reintroduced, a rapid alkalinization was observed, due to the sudden efflux of CO2 from the cell, IlpHi averaging 0. 22 unit (Fig. lOa) . Following the alkaline peak, the cells immediately started to regulate pHi toward the baseline level. In the con trol experiments, the initial recovery rate was 0.06 unit/min, corresponding to a Jw of 3.3 mmol/L/ min.
As seen in Table 3 and Fig. lOb , the presence of 1 mM amiloride during the alkalinization did not have any statistically significant effect on the pHi recovery following an alkaline load. The initial JH+ was similar to controls, and the cells regulated pHi back to the initial baseline value. Likewise, removal of extracellular Na + did not inhibit regulation of pHi following an alkaline load (n = 4, data not shown). However, removal of Cl-from the perfus- ing buffer > 20 min before the alkalinization inhib ited the recovery. Thus, in the absence of extracel lular CI-, JH+ was 1.3 mmollLlmin and the cells did not regulate their pHj to the initial baseline value (Table 3 ; Fig. lOc) . Similarly, in the presence of DIDS (0.5 mM) , the recovery was significantly in hibited, JH+ being 1.9 mmollLlmin (Fig. 10d) . The inhibiting effect of DIDS and amiloride combined with similar to what was observed in the presence of DIDS alone (Table 3) . As seen in Table 3 , comparison of the 150 values gave similar results, although when evaluated with analysis of variance and the rather demanding post hoc Scheffe F test, the difference compared with controls was significant only for the recovery in chloride-free solution. If, instead, post hoc Fischer PLSD was utilized, there was a significant differ- J Cereb Blood Flow Metab, Vol. 13, No.5, 1993 ence between controls and the cells exposed to DIDS, DIDS plus amiloride, or chloride-free solu tion, but not between controls and the cells exposed to amiloride. The data thus demonstrate that an alkaline tran sient is regulated by a mechanism requiring bicar bonate and chloride, but not extracellular Na +, a mechanism that is sensitive to DIDS but not to amiloride. These observations suggest the presence of a passive HC03 -ICI-exchanger.
DISCUSSION
Steady-state pHi
The overall pHj of mammalian brain in vivo is �7.0 (Siesj6 et aI., 1972; Roos and Boron, 1981; Chesler, 1990) . We report an average steady-state pHj of 7.00 and 7.09 in cultured rat neurons main tained at 37°C (pHe 7.35) in nominally bicarbonate free and in C02/HC03 --containing media, respec tively. This steady-state pHj compares well with values previously reported for vertebrate neurons maintained under similar conditions (Tolkovsky and Richards, 1987; Nachsen and Drapeau, 1988; Gaillard and Dupont, 1990; Nedergaard et aI., 1991; Raley-Susman et aI., 1991) .
In previous studies on cultured rat astrocytes maintained under identical conditions, we reported a lower baseline pHj, the values being 6.90 and 7.00 in bicarbonate-free and in C02/HC03 --containing media, respectively (Mellergard and Siesj6, 1991; Mellergard et aI., 1993) . The average values of steady-state pHj for different preparations of verte brate neurons and astrocytes reported in the litera ture have varied between 6.9 and 7.4 (Chesler, 1990) . Only two groups have previously compared neurons and glia directly. The observations made by Dietmer and Schlue (1987) in the leech are in accordance with our own, namely, that neurons maintain a higher baseline pHi than glial cells. How ever, Nedergaard et al. (1991) reported that glial cells maintained a higher baseline pHi than neurons in a mixed rat forebrain culture similar to that used in the present study.
Acid extrusion mechanisms
The present study shows that cultured rat neu rons could efficiently regulate pHi back to baseline following a transient acidification. In the absence of bicarbonate, the acid extrusion rate was very simi lar to the Jw of 2.6 mmol/L/min that we previously observed in rat astrocytes (Mellergard et aI., 1992) . However, during more physiological conditions, i.e., in the presence of bicarbonate, the maximal acid extrusion rate of neurons was <50% of the JH+ we previously reported for astrocytes. As will be discussed, this is because glial cells, in contrast to neurons, use an HC03 --dependent mechanism to extrude H+.
Our data suggest that the mechanisms involved in regulating pHi following acid transients are also necessary to maintain baseline pHi' and that these mechanisms critically depend on extracellular Na + . Thus, removal of Na + led to a drastic fall in base line pHi by �0.6 pH unit; furthermore, in the ab sence of extracellular N a + , there was no regulation of pHi during an acid load. In principle, such find ings can be accounted for by several mechanisms, including Na + -dependent HC03 -ICI-exchange. However, the present data provide very strong ev idence that pHi recovery in rat cortical neurons fol lowing an acid load is independent of HC03 -ICI exchange. Thus, Jw did not increase in the pres ence of HC03 -, pHi recovery was not affected by removal of extracellular CI-, and the recovery was not inhibited by DIDS. Furthermore, the introduc tion of C02/HC03 -following an acidification in the presence of harmaline did not enhance the recovery of pHi' Based on these observations, we conclude that rat cortical neurons did not utilize Na + dependent HC03 -IC1-exchange for regulation of their pHi after an acid load. Our results are thus in accordance with those previously reported for syn aptosomes (Nachsen and Drapeau, 1988) and cere bellar Purkinje cells (Gaillard and Dupont, 1990 ) (see introductory section).
A likely candidate for pHi regulation in cultured rat neurons is Na + IH+ exchange. Thus, the regu lation of pHi following an acid transient was com pletely dependent on extracellular Na +. Further more, the acid extrusion rate was inhibited by amiloride and an amiloride analogue, MIA, and the addition of amiloride to the perfusing HEPES buffer was followed by a considerable decrease in baseline pHi' Finally, harmaline efficiently inhibited pHi re covery and also influenced steady-state pHi (for fur ther discussion regarding the effects of harmaline, see below). These observations strongly support the operation of an N a + IH + exchanger, which is active already at normal pHi values. However, there are problems of interpretation. Thus, while removal of extracellular Na + completely blocked pHi regulation following an acid load, amiloride and 5-MIA only partially inhibited pHi regulation. Fur thermore, the decrease in baseline pHi upon addi tion of amiloride to cells maintained in HEPES buffer was only 0.24 pH unit, i.e., less than half the reduction of pHi observed following removal of ex tracellular Na +; and, surprisingly, amiloride had very little effect on steady-state pHi in bicarbonate containing solutions. The results suggest the pres ence of an Na + -dependent acid extrusion mecha nism that is not (completely) inhibited by amiloride and that is nonetheless independent of CI-and HC03 -. We have no reason to doubt the quality of the amiloride used, since it was always freshly pre pared and since the experiments were performed in a dark room. The concentrations used are similar to those used by other groups and are usually consid ered adequate. We also recall that the amiloride an alogue MIA similarly exhibited only a partial inhib itory effect. There have recently been other reports on Na + IH + antiporters that are less sensitive to amiloride than expected (Clark and Limbird, 1991; Raley-Susman et aI., 1991; Mellergard et aI., 1992) . Our observations may thus be explained by the presence of two (or more) different populations of N a + IH + antiporters, with varying sensitivity to amiloride. Alternatively, different sUbpopulations of neurons contain different N a + IH + anti porters . Thus, although we feel convinced that all cells stud ied were neurons, immunohistochemistry was not used to identify sub populations of neurons.
Unfortunately, the harmaline experiments did not give a clear-cut answer. Thus, although harmaline efficiently inhibited pHi recovery following an acid load, the inhibition was total only in bicarbonate containing solution. In nominally bicarbonate-free solution, the inhibition of pHi recovery was some times only partial. The results were very consistent, as shown by the observations described in Fig. 7c ; i.e., even in the cells maintained in HEPES buffer where pHi recovery was only partially inhibited, harmaline blocked pHi recovery much more effi ciently when C02/HC03 -was introduced. Thus, far unknown reasons, inhibition of acidosis triggered H + efflux was more efficient in HC03 -containing medium than in the more unphysiologi cal HEPES buffer. Furthermore, the effect of har-maline on steady-state pHi was also more pronounced in HC03 --containing media. These re sults are obviously unexpected. Harmaline is gen erally viewed as a typical inhibitor of sodium dependent transport, including reversible inhibition of Na + IH+ exchange (Sepulveda and Robinson, 1974; Aronson and Bounds, 1980; Soleiman and Aronsson, 1989) . If the only target of harmaline is the N a + IH + exchanger, its effect should be exerted irrespective of the presence or absence of C021 HC03 -. It seems likely that harmaline has effects other than that exerted on the N a + IH + anti porter. Harmaline has indeed been reported to inhibit Na + -HC03 -cotransport (Grassl et al., 1987) .
As discussed above, the presence of HC03 -did not increase the JH+ following an acid load. How ever, the baseline pHi of the neurons was signifi cantly higher when the cells were kept in 5% COzf20 mM HC03 -solution compared with what was ob served in nominally bicarbonate-free buffer at iden tical pHe. Further, when the cells were exposed to the 5% CO2 buffer, in experiments started in the nominal absence of bicarbonate, the baseline pHi increased. At first sight these observations suggest the presence of a pHi-regulating mechanism that is dependent on HC03 -. However, as described above, its activity is of no detectable importance for pHi recovery following an acid load. A possible can didate would be an (electrogenic) Na + -HC03cotransporter. Such a cotransporter was first de scribed in salamander kidney (Boron and Boulpaep, 1983) and has since been reported in several types of glial cells, including glia of leech CNS (Deitmer and Schlue, 1987) and amphibian optic nerve (As tion and Orkand, 1988) . To our knowledge, this transporter has never been identified in cells of neu ronal origin.
The observation that the alkalinization of neurons following the change from HEPES buffer to a COzf HC03 --containing solution was inhibited by DIDS, but not by amiloride or removal of chloride, sup ports the notion of an Na + -HC03 -cotransporter. Unfortunately, our experimental setup did not per mit observations of membrane potential, a crucial variable in the identification of such a cotrans porter. We thus have to leave the question of Na+ HC03 -cotransport open. However, we wish to point out that even if such a cotransporter exists in neurons, it may be of real regulatory importance only under the extremely unphysiological condi tions created when the [HC03 -]e is increased from nominally 0 to �20 mM. Furthermore, an alterna tive explanation for our observations could be the activity of a passive CI-IHC03 -exchanger (see below).
J Cereb Blood Flow Metab, Vol, 13, No, 5, 1993 Regulation of an alkaline transient An electroneutral anion transport mechanism, passively transporting CI-in exchange for HC03 -, has been extensively studied in erythrocytes but as also been identified in many other mammalian cells, including cultured rat astrocytes (Cabantchik et al., 1978; Reinertsen et al., 1988; Mason et al., 1989; Mellergard et al., 1993) . This exchanger is consid ered as a separate HC03 -transport mechanism, inhibited by stilbene derivatives. However, in con trast to the Na + -dependent HC03 -ICI-exchanger, it is normally activated at increased pHi values (Bo yarsky et al., 1988a; Frelin et al., 1988) .
The neurons studied here efficiently regulate pHi following an alkaline load. Their recovery was par tially inhibited in the presence of DIDS or when chloride was removed from the perfusing buffer, but it was not affected by amiloride or by removal of extracellular Na +. Such observations are com patible with the activity of an Na + -independent HC03 -ICI-exchanger as described above. The in crease in baseline pHi observed upon removal of extracellular CI-yields additional support for the presence of such an HC03 -ICI-exchanger. Thus, removal of extracellular CI-would increase the gradient for CI -across the membrane, accelerating CI-efflux from the cell, with an increase of intra cellular HC03 -as a result. The accumulated HC03 -would remain in the cytosol until trans ported out via the HC03 -ICI-exchanger upon re introduction of extracellular CI-.
The alkalinization of neurons following the change from HEPES buffer to an HC03 -IC02containing solution could also be explained by an HC03 -ICI-exchanger working in the reverse mode. The fact that the alkalinization was inhibited by DIDS supports this notion, and the observation that the alkalinization was larger in the absence of extracellular CI-(see Table 1 ) speaks in favor of the presence of an HC03 -ICI-exchanger, rather than of an Na + -HC03 -cotransporter.
Neither the addition of DIDS nor the removal of CI-from the perfusing buffer could completely block the pHi regulation following the alkaline peak. Thus, there must be some additional mechanism in volved in restoring pHi to normal. The most likely explanation is leakage of H + or HC03 -down their electrochemical gradients. However, an alternative (or additional) possibility is production of metabolic acids (Siesj6, 1973) .
Influence of extracellular pH
As we have previously shown in astrocytes and neuroblastoma cells (Mellergard and Siesj6, 1991; Mellergard et al., 1992) , pHi seems to be highly de-pendent on pHe' The present results demonstrate a similar dependence in primary cultures of neurons. Thus, major changes in steady-state pHi were ob served when pHe was gradually decreased or in creased, with a strong correlation between pHe and pHi over the pH range studied. Furthermore, neu rons failed to recover from an acid load when pHe was simultaneously decreased, maintaining a lower than normal pHi until pHe was returned to normal. Although not examined in any detail, similar results were reported in rat superior cervical ganglion cells (Tolkovsky and Richards, 1987) and rat brain syn aptosomes (Nachsen and Drapeau, 1988) . Similar observations have also been made in other cells (L' Allemain et aI., 1984; Moolenaar and Tertoolen, 1984; Kettenmann and Schlue, 1988) . It has gener ally been assumed that the important variable reg ulating the rate of H+ extrusion is pHi' The strong correlation between pHe and pHi challenges this no tion and raises the question of whether the H+ ex trusion mechanisms are relatively feeble compared to the leak pathways available or whether the reg ulatory parameter is another one, such as the trans membrane H + gradient.
Summary
The present results suggest that regulation of pHi ' notably operating during the constant leakage of H + into cells or in response to the extra load im posed upon the cells during an acid transient, is due to an N a + IH + anti porter. The results give no hint that an Na + -dependent HC03 -ICl-antiporter is involved in this regulation. When pHi is increased, regulation of pHi back to normal seems to involve passive, i.e., Na + -independent, Cl-IHC03 -ex change. The results suggest that there is normally a considerable passive influx of H+ into the cell (or an efflux of HC03 -). Although these conclusions are supported by solid data, it remains unexplained why conventional blockers of N a + IH + exchange (amiloride, MIA) do not completely block acid ex trusion or why harmaline has different effects in HC03 --containing and HC03 --free solutions.
